When exposed to hypoosmotic stress, cells initially swell in proportion to the reduction in osmolarity and then normalize their volume via a process known as regulatory volume decrease. The latter involves the release of osmolytes, both inorganic (K + and Cl ) ) and organic (amino acids, polyols, and methylamines) and the exit of obligated water (McManus et al. 1995) . Although inorganic osmolytes constitute the quantitatively major fraction of the osmolyte pool (60-65%; Pasantes- Morales et al. 2002) , large changes in ion concentration can adversely impact cell excitability. Thus, the pool of 'non-perturbing' organic osmolytes plays a pivotal role in countering changes in osmolarity without compromising cell function. One of the most quantitatively important organic Received July 18, 2008; revised manuscript received November 5, 2008; accepted November 5, 2008. Address correspondence and reprint requests to Dr Stephen K. Fisher, Molecular and Behavioral Neuroscience Institute, University of Michigan, 5039 Biomedical Science Research Building, Ann Arbor, MI 48109-2200, USA. E-mail: skfisher@umich.edu.
Abstract
The ability of G protein-coupled receptors to regulate osmosensitive uptake of the organic osmolyte, taurine, into human SH-SY5Y neuroblastoma cells has been examined. When monitored under isotonic conditions and in the presence of physiologically relevant taurine concentrations (1-100 lM), taurine influx was mediated exclusively by a Na + -dependent, high-affinity (K m = 2.5 lM) saturable transport mechanism (V max = 0.087 nmol/mg protein/min). Reductions in osmolarity of > 20% (attained under conditions of a constant NaCl concentration) resulted in an inhibition of taurine influx (> 30%) that could be attributed to a reduction in V max , whereas the K m for uptake remained unchanged. Inclusion of the muscarinic cholinergic agonist, oxotremorine-M (Oxo-M), also resulted in an attenuation of taurine influx (EC 50 $0.7 lM). Although Oxo-M-mediated inhibition of taurine uptake could be observed under isotonic conditions ($25-30%), the magnitude of inhibition was significantly enhanced by hypotonicity ($55-60%), a result that also reflected a reduction in the V max , but not the K m , for taurine transport. Oxo-Mmediated inhibition of taurine uptake was dependent upon the availability of extracellular Ca 2+ but was independent of protein kinase C activity. In addition to Oxo-M, inclusion of either thrombin or sphingosine 1-phosphate also attenuated volumedependent taurine uptake. The ability of Oxo-M to inhibit the influx of taurine was attenuated by 4-[(2-butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic acid, an inhibitor of the volume-sensitive organic osmolyte and anion channel. 4-[(2-Butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic acid also prevented receptor-mediated changes in the efflux and influx of K + under hypoosmotic conditions. The results suggest that muscarinic receptor activation can regulate both the volume-dependent efflux and uptake of taurine and that these events may be functionally coupled. Keywords: hyponatremia, muscarinic cholinergic receptor, organic osmolytes, taurine transporter, volume regulation, volume-sensitive organic osmolyte and anion channel. J. Neurochem. (2009) 108, 437-449. osmolytes in the CNS is the sulfur amino acid, taurine (Huxtable 1992; Miller et al. 2000; Lambert 2004 ). In response to hypoosmolarity, taurine is primarily released from neural cells via a volume-sensitive organic osmolyte and anion channel (VSOAC), although the involvement of additional channels cannot be discounted (Shennan 2008) . VSOAC, which has been extensively characterized both electrophysiologically and pharmacologically, is selectively permeable to anions (primarily Cl ) ) and organic osmolytes.
However, despite intensive efforts, the molecular identity of VSOAC remains unknown (for review, see Okada 2006) . The most common cause of hypoosmotic swelling is a condition known as hyponatremia, which is defined as a reduction in serum Na + concentration below a normal value of 145-136 mEq/L. In severe cases of hyponatremia, serum Na + concentrations of < 110 mEq/L have been reported, which represent a reduction in plasma osmolarity of $25% (Haussinger et al. 1994) . Hyponatremia is the most commonly encountered electrolyte disorder in clinical practice and is conservatively estimated to occur in 2.5-5.0% of hospitalized patients, with the young and elderly disproportionately affected (Bhardwaj 2006; Lien and Shapiro 2007) . The majority of symptoms associated with hyponatremia are neurological in origin and these include nausea, headache, coma, and respiratory arrest. Reductions in the concentrations of brain organic osmolytes during hyponatremia can be quite dramatic. Thus, when animals are rendered chronically hyponatremic, substantial losses of the major organic osmolytes (taurine, glutamate, and myo-inositol) from the CNS are observed with taurine being the most severely impacted (70-90% reductions; Lien et al. 1991; PasantesMorales et al. 2002; Massieu et al. 2004) .
The volume-dependent efflux of taurine from a variety of neural preparations in response to hypoosmolarity has been extensively documented. In addition, the magnitude of osmosensitive taurine release may be further enhanced following the activation of specific G protein-coupled receptors (GPCRs) (for review, see Fisher et al. 2008) . However, it is less clear whether the uptake of taurine, which, under physiologically relevant concentrations, is mediated primarily via a Na + -dependent, high-affinity transport system (TauT), is also subject to such regulation. For example, whereas high-affinity taurine transport (TauT) is reported to be unaffected by a reduction in osmolarity in either astrocytes or cerebellar granule cells Schousboe et al. 1991) , a recent study indicated that taurine uptake into rat hippocampal neurons was significantly attenuated in response to a reduction in osmolarity (Olson and Martinho 2006a) . A volume-dependent regulation of osmolyte uptake could potentially have a significant impact on osmolyte homeostasis as the net loss of an osmolyte from a hypoosmotically stressed cell would reflect not only its efflux, but also its re-uptake. In this context, we recently observed that under hypoosmotic conditions, the activation of specific GPCRs on human SH-SY5Y neuroblastoma cells resulted not only in an increase in the efflux of K + (monitored as 86 Rb + ), but also in its influx . These opposing effects serve to minimize the loss of K + from hypoosmotically stressed cells. In this study, we have examined the possibility that taurine uptake into SH-SY5Y cells may also be subject to regulation by osmolarity and receptor activation. The results indicate that, in contrast to the situation pertaining to K + influx, hypoosmolarity attenuates the high-affinity uptake of taurine into these cells and that receptor activation elicits a further inhibition of transport. Inhibition of taurine uptake could be largely prevented when osmosensitive taurine efflux was blocked by inclusion of 4-[(2-butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic acid (DCPIB), an inhibitor of VSOAC. Thus under conditions of hypotonicity, activation of GPCRs on SH-SY5Y cells elicits both a facilitation of taurine efflux and an attenuation of taurine uptake, regulatory events which act in concert to enhance the loss of the osmolyte from cells. Measurement of taurine influx SH-SY5Y neuroblastoma cells were washed twice with 2 mL of isotonic buffer (142 mM NaCl, 5.6 mM KCl, 2.2 mM CaCl 2 , 3.6 mM NaHCO 3 , 1 mM MgCl 2 , 30 mM HEPES, pH 7.4, and 1 mg/mL D-glucose, $340 mOsM). Unless specified otherwise, cells ($0.25 mg protein) were then incubated for 10 min at 37°C in buffer (380-230 mOsM) that contained 5 lM [ 3 H]taurine (0.1-0.2 lCi/mL) in the presence or absence of agonist. A potential complication of the measurement of both basal-and Oxo-Mmediated taurine uptake under hypoosmotic conditions is that a concurrent release of endogenous taurine from the cells might lower the specific activity of [ 3 H]taurine. To minimize the contribution of taurine released from cells during measurements of taurine uptake, a 5 mL assay volume (25 nmol of added taurine) was routinely employed. From measurement of taurine contents in SH-SY5Y cells (see Results) and assuming a 20-30% release of taurine during a 10 min incubation under receptor-stimulated conditions (Heacock et al. 2006; Cheema et al. 2007) , it can be calculated that the maximal contribution from release of endogenous taurine in each well is $3-4 nmol (a potential 11-14% reduction in specific activity). However, this value is likely to be an over-estimate as it assumes that taurine is released instantaneously from cells, whereas receptor-mediated efflux of taurine has been demonstrated to occur in a time-dependent manner during the 10 min incubation (Heacock et al. 2006) . Two additional series of experiments were conducted to further assess the possibility that the release of endogenous taurine might complicate interpretation of the results. In the first, basal-and Oxo-M-mediated changes in taurine uptake were monitored in the presence of an increased assay volume (10 mL), conditions under which a contribution from endogenous taurine would be reduced. However, the rates of taurine uptake under both basal and agoniststimulated conditions were indistinguishable when monitored in 5 or 10 mL volumes and the addition of Oxo-M resulted in 52 ± 2% and 49 ± 2% inhibition of uptake, respectively (p < 0.01 vs. basal, n = 4). In a second series of experiments, we used to advantage the observations that (i) muscarinic cholinergic receptor (mAChR)-mediated inhibition of taurine influx does not readily desensitize (see Fig. 1a ) and (ii) the mAChR-sensitive pool of taurine is readily releasable. Thus, cells were first pre-incubated for 5 min at 37°C in the presence of 100 lM Oxo-M in hypoosmotic buffer (230 mOsM), conditions under which $75% of the mAChRsensitive pool of taurine is released (Heacock et al. 2006) . Following the pre-incubation period, the medium was aspirated and cells washed with 2 mL of hypotonic buffer to remove residual taurine. Cells were then incubated for an additional 20 min in hypotonic buffer at 37°C in the presence or absence of Oxo-M and taurine uptake monitored following the addition of [ H]taurine uptake.
Materials and methods

Materials
Throughout this study a 5 mL assay volume was routinely employed except when taurine concentrations of < 5 lM were utilized. In those experiments, the assay volume was increased to 10 mL to reduce the possibility of a significant dilution of the specific activity when the lower concentrations of taurine were employed. To terminate the reactions involving measurement of taurine uptake, the extracellular medium was aspirated, cells rapidly washed with 2 mL of isotonic buffer A and lysed with 2 mL of 0.1 M NaOH. Aliquots of lysate (1 mL) were removed and radioactivity determined after the addition of 6.5 mL of Universol scintillation fluid. In all measurements, radioactivity associated with the cells at the zero time point was subtracted from the observed values. Except when indicated otherwise, the osmolarity of buffers was routinely adjusted under conditions of a constant NaCl concentration (95 mM NaCl) by the addition of sucrose. In some experiments, buffers were rendered either hypertonic or hypotonic by an increase or decrease in NaCl concentration, respectively. Osmolarities of buffers were monitored by means of an Osmette Precision osmometer (PS Precision Systems, Sudbury, MA, USA). Protein contents of cell lysates were determined using a bicinchoninic acid protein assay reagent kit (Thermo Scientific, Rockford, IL, USA). From the measurement of [ 3 H]taurine uptake, rates of taurine influx were calculated as nmol/mg protein/min. Throughout the study, 'basal' uptake of taurine is defined as that which occurs at a specified osmolarity in the absence of an agonist.
Measurement of taurine efflux
Taurine efflux from SH-SY5Y cells was monitored essentially as previously described (Heacock et al. 2004 (Heacock et al. , 2006 . In brief, cells were pre-labeled to isotopic equilibrium with 0.25 lCi/mL of [ 3 H]taurine at 37°C for 24 h. After pre-labeling, the cells were washed twice with 2 mL of isotonic buffer A ($340 mOsM) and then incubated at 37°C in 2 mL of buffer A (370-230 mOsM) in the absence or presence of agonist. The osmolarity of buffer A was adjusted under conditions of a constant NaCl concentration (95 mM NaCl) by the addition of sucrose. After 10 min of incubation, aliquots (1 mL) of the extracellular medium were removed and radioactivity determined after the addition of 6.5 mL of Universol scintillation fluid. The reactions were terminated by rapid aspiration of the remaining medium, and cells were lysed by the addition of 2 mL of 6% trichloroacetic acid (TCA). Taurine efflux was calculated as a fractional release, i.e. the radioactivity released into the extracellular medium as a percentage of the total radioactivity present initially in the cells. The latter was calculated as the sum of radioactivity recovered in the extracellular buffer and that remaining in the lysate at the end of the assay. 'Basal' efflux of taurine is defined as that which occurs at a specified osmolarity in the absence of an agonist.
Determination of taurine mass
Taurine concentrations were determined following o-phthaldialdehyde (OPA) derivatization, essentially as previously described (Canevari et al. 1992; Alvarez et al. 2006) . SH-SY5Y cells were washed with 2 · 2 mL of isotonic buffer A and then lysed in 2 mL of ice-cold 6% TCA. Cell extracts were neutralized (pH 7-8) by addition of K 2 CO 3 and diluted 1 : 1 with sodium borate buffer (0.2 M, pH 9.6). A 50 lL aliquot of each sample was removed and derivatized with 25 lL of OPA solution (15 mM OPA, 30 mM 2-mercaptoethanol, and 10% methanol in 0.2 M sodium borate buffer, pH 9.6) in an autosampler (Agilent 1100 series; Agilent, Santa Clara, CA, USA) for 1 min at 10°C. A 10 lL aliquot of the derivatized sample was then injected into the HPLC column [ZORBAX Eclipse XDB-C18 (5 lm) analytical column 4.6 · 150 mm (Agilent)] and eluted at a flow rate of 1 mL/min with buffers A (80% 0.1 M sodium acetate and 20% methanol, pH 4.75) and B (20% 0.1 M sodium acetate and 80% methanol, pH 4.75). The following increasing gradient of buffer B was used for elution: 0-10 min, 30-60%; 10-15 min, 60-100%; 15-20 min, 100%; 20-22 min, 100-30%; and 22-30 min, 30%, with a corresponding decrease in the percentage of buffer A. The detector was set at 340 nm excitation and 450 nm emission wavelengths; taurine concentrations were determined using calibration coefficients obtained with standard taurine solutions. Protein contents of cell lysates were determined using a bicinchoninic acid protein assay reagent kit (Thermo Scientific) and values for intracellular taurine content in SH-SY5Y cells were reported as nmol/mg protein. To determine the taurine content in the cell culture medium, DMEM supplemented with 10% fetal calf serum was mixed 1 : 1 with 10% TCA and the resulting protein precipitate was removed by centrifugation (10 000 g, 2 min). The supernatant was neutralized to pH 7-8 by addition of K 2 CO 3 and diluted 1 : 4 with 0.2 M sodium borate buffer, pH 9.6, prior to OPA-derivatization and subsequent HPLC analysis as outline above.
Data analysis
All experiments shown were performed in duplicate or triplicate and repeated at least three times. Values quoted are given as mean ± SEM for the number (n) of independent experiments indicated. A H-taurine uptake was monitored. Results are expressed as taurine influx (nmol/ mg protein/min) and are the mean ± SEM of three independent experiments, each performed in triplicate. Where error bars are absent the SEM fell within the symbol. Rates of taurine influx were calculated from linear regression analyses of the data. (b) Cells were incubated for 10 min in 5 mL of isotonic buffer containing NaCl at the concentrations indicated (osmolarities were adjusted to 340 mOsM by the addition of sucrose). Results for taurine uptake are expressed as percent of maximum response obtained at 142 mM NaCl (0.06 ± 0.01 nmol/mg protein/min) and are the mean ± SEM of three independent experiments. Where error bars are absent the SEM fell within the symbol. (c) Taurine uptake was monitored under isotonic conditions (Iso) in the absence or presence of 1 mM concentrations of guanidinethyl sulfonate (GES), hypotaurine (HT), or b-alanine (b-Ala). Results for taurine uptake, expressed as nmol/mg protein/min, are mean ± SEM for three independent experiments. Different from Iso, *p < 0.01 (by repeated measures ANOVA followed by Dunnett's multiple comparison test). two-tailed Student's t-test (paired or unpaired) was used to evaluate differences between two experimental groups (level of significance, p < 0.05). Ordinary or repeated measures ANOVA followed by Dunnett's multiple comparisons test was used for statistical significance of differences between multiple groups. EC 50 values were obtained using Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA). Kinetic analysis of taurine uptake data was performed as previously reported (Schousboe et al. 1976; Olson and Martinho 2006a) . Data were fit to the sum of carrier-mediated transport and diffusional components using a non-linear least squares approximation according to the following equation
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Kinetic values quoted are the best-fit values ± SE as derived using Prism 5.0 (GraphPad Software Inc.). In this equation, V is the observed rate of taurine uptake (nmol/mg protein/min), V max is the maximum rate of taurine uptake, K m is the taurine affinity binding constant (lM) for the saturable component of taurine uptake, k diff is the rate constant for the non-saturable, diffusion-mediated, taurine influx (mL/mg protein/min), and S is the concentration of extracellular taurine (lM). From this equation, the relative contributions of both the saturable, carrier-mediated, component, and the non-saturable, diffusional, component could be determined.
Results
Taurine uptake into SH-SY5Y neuroblastoma cells is regulated by both hypoosmolarity and receptor activation When SH-SY5Y cells were incubated in isotonic buffer (340 mOsM; defined by the osmolarity of the DMEM/fetal calf serum medium in which the cells were grown) that contained 5 lM taurine, the uptake of taurine proceeded linearly for at least 1 h at a rate of 0.067 nmol/mg protein/ min (Fig. 1a) . Taurine uptake was strongly dependent on the concentration of extracellular NaCl (Fig. 1b) and was inhibited > 95% when incubations were conducted at 4°C (data not shown). Inclusion of 1 mM concentrations of guanidinethyl sulfonate, b-alanine, and hypotaurine essentially completely blocked taurine uptake (Fig. 1c) . To the best of our knowledge, the taurine content of SH-SY5Y cells has not previously been reported. HPLC analysis indicated that the taurine content was 57 ± 10 nmol/mg protein (n = 7). Given that the intracellular water space in SH-SY5Y cells is 8.5 lL/mg protein , an intracellular taurine concentration of $6-7 mM can be calculated. The concentration of taurine in the growth medium was 12.9 ± 1.1 lM (n = 3) and thus taurine is concentrated over 500-fold by SH-SY5Y cells.
Exposure of the cells to hypotonic buffer (230 mOsM; $30% reduction in osmolarity, a condition previously determined to be optimal for the release of organic osmolytes) resulted in a significant reduction in the rate of taurine influx (0.043 nmol/mg protein/min; p < 0.01 vs.
isotonic by ordinary ANOVA). Inclusion of the muscarinic cholinergic agonist, Oxo-M (100 lM), resulted in a further attenuation ($50%) of taurine influx (rate = 0.020 nmol/ mg protein/min; p < 0.01 vs. hypotonic alone by ordinary ANOVA, Fig. 1a ). The inhibition of taurine uptake observed under conditions of hypotonicity and receptor activation could be detected within 2 min of incubation (the earliest time point examined) and persisted for as long as 1 h, a timeframe in which cell volume correction may already be complete. Although taurine influx was linear with time for extended time periods, uptake was routinely monitored after 10 min of incubation to match conditions previously utilized for measurement of osmolyte efflux. The addition of Oxo-M reduced the rate of taurine influx under conditions of hypotonicity in a dose-dependent manner with an EC 50 of 0.7 lM and a Hill coefficient close to unity (Fig. 2) . Inclusion of 10 lM atropine, a mAChR antagonist, abolished the ability of Oxo-M to inhibit taurine influx (data not shown).
Activation of multiple GPCRs can attenuate taurine influx
In addition to the mAChR, activation of several other GPCRs has been demonstrated to increase the volumedependent efflux of both organic and inorganic osmolytes from SH-SY5Y cells, including the protease-activated receptor (PAR) and lysophospholipid receptors (Cheema et al. 2005; Heacock et al. 2006) . To determine whether activation of these receptors also attenuates the uptake of taurine, SH-SY5Y cells were incubated in either isotonic (340 mOsM) or hypotonic (230 mOsM) buffer in the presence or absence of 100 lM Oxo-M, 1.25 nM thrombin (a PAR agonist), or 5 lM S1P (an agonist at specific lysophospholipid receptors). Although the addition of each of the three agonists resulted in small but significant decreases in the rate of taurine uptake under isotonic conditions, inhibition of taurine uptake following receptor activation was more pronounced under hypoosmotic conditions (Fig. 3) . Thus, the net ability of Oxo-M to attenuate the rate of taurine uptake was significantly enhanced under hypotonic conditions (0.0113 ± 0.001 vs. 0.0141 ± 0.007 nmol/mg protein/min under conditions of isotonicity and hypotonicity, respectively, n = 15, p < 0.01). Similarly, the addition of thrombin resulted in a greater net reduction in taurine uptake under conditions of hypotonicity (0.007 ± 0.002 vs. 0.0132 ± 0.002 nmol/ mg protein/min, n = 5, p < 0.05). The comparable values for S1P-mediated reductions in taurine uptake were 0.004 ± 0.002 vs. 0.011 ± 0.002 nmol/mg protein/min under isotonic and hypotonic conditions, respectively (n = 9, p < 0.01). These results suggest that inhibition of taurine influx is a shared characteristic of GPCRs that have previously been demonstrated to facilitate the volumedependent efflux of taurine.
Substrate concentration-dependence of taurine uptake in the absence or presence of mAChR activation Previous studies have demonstrated that, under conditions of hypoosmolarity, taurine uptake into neural cells occurs via both saturable (carrier-mediated) and non-saturable (diffusional) components (Schousboe et al. 1976; Olson and Martinho 2006a) . To determine the contribution of these two processes to taurine uptake in SH-SY5Y cells, the rate of influx was monitored in the presence of a series of physiologically relevant taurine concentrations, in the absence or presence of 100 lM Oxo-M. Under isotonic conditions, a rectangular hyperbolic dose-response plot was obtained with values of 0.087 ± 0.005 nmol/mg protein/min and 2.5 ± 0.5 lM for the V max and K m , respectively (Fig. 4a) . The diffusional constant (k diff ) was 3.1 ± 6.6 · 10 )5 mL/ mg protein/min. When the cells were incubated in hypotonic buffer, the V max was significantly decreased from that observed under isotonic conditions (0.041 ± 0.002 nmol/ mg protein/min; p < 0.001 by ordinary ANOVA), whereas the K m value for taurine uptake was unaltered (2.8 ± 0.5 lM; Fig. 4b ). The dose-response curve for taurine uptake in the presence of Oxo-M differed significantly from that obtained under conditions of hypoosmolarity alone. From the data in Fig. 4b , it appeared that inclusion of Oxo-M resulted in an inhibition of taurine uptake at low concentrations (1-20 lM), but that the agonist had little or no effect at higher concentrations of the osmolyte (> 50 lM). However, when the data in Fig. 4b were fitted to eqn 1 to subtract the diffusional component of taurine influx, rectangular hyperbolic dose-response plots were obtained for Oxo-M-treated cells (Fig. 4c) . In the presence of Oxo-M, the V max for saturable taurine uptake (0.026 ± 0.003 nmol/mg protein/ min) was significantly reduced ($40%: p < 0.01, by ordinary ANOVA) from control hypotonic incubations, whereas the K m value for taurine transport did not differ significantly in the presence of Oxo-M (4.7 ± 1.7 lM). However, the diffusional component of taurine uptake was significantly increased ($6-fold) by Oxo-M (2.13 ± 0.40 · 10 )4 mL/mg protein/min vs.
3.55 ± 2.8 · 10 )5 mL/mg protein/min in hypotonic buffer alone; p < 0.02, by ordinary ANOVA). Based on these values, it can be calculated that, even in the presence of Oxo-M, > 85% of taurine uptake occurs via the saturable component of transport when monitored in the presence of the standard assay concentration of 5 lM. The diffusional component of taurine influx monitored in the presence of Oxo-M was essentially abolished when DCPIB was included in the assay (k diff = 1.57 · 10 )16 mL/mg protein/min). Thus, the nonspecific component of taurine uptake appears to be mediated primarily via VSOAC.
Osmolarity dependence of basal-and Oxo-M-attenuated taurine uptake Activation of mAChRs has previously been demonstrated to facilitate taurine efflux in an osmosensitive fashion by Fig. 3 Activation of multiple GPCRs can attenuate taurine influx. SH-SY5Y cells were incubated in 5 mL of either isotonic (340 mOsM: a) or hypotonic buffer (230 mOsM: b) in the absence or presence of 100 lM Oxo-M, 1.25 nM thrombin (Thr), or 5 lM S1P. Reactions were terminated after 10 min and taurine uptake monitored. Results are expressed as taurine influx (nmol/mg protein/min) and are the mean ± SEM of 15 independent experiments for Oxo-M and five or nine experiments for thrombin or S1P, respectively, each experiment performed in triplicate; *p < 0.05, different from basal release monitored under isotonic (340 mOsM) conditions (by repeated measures reducing the threshold osmolarity at which osmolyte efflux occurs (Heacock et al. 2004) . To assess the effect of osmolarity on taurine uptake, SH-SY5Y cells were incubated in isotonic (340 mOsM), mildly hypertonic (380 mOsM), or hypotonic (290-230 mOsM) buffers under basal-or Oxo-Mstimulated conditions. Two experimental paradigms were employed to evaluate the dependence of taurine uptake on osmolarity. In the first, osmolarities of buffers were adjusted under conditions of a constant NaCl concentration (95 mM) by the addition of sucrose. Because taurine transport is a NaCl-dependent process, this paradigm allows for assessment of the effect of osmolarity per se on the rate of taurine influx. Under these conditions, basal uptake was not significantly attenuated until the osmolarity had been reduced by > 24% (Fig. 5a) . Although the addition of Oxo-M induced a significant decrease in the rate of taurine influx under both isotonic and mildly hypertonic conditions (28-38%), the ability of mAChR activation to attenuate taurine influx was significantly increased under conditions of hypotonicity. Inclusion of Oxo-M resulted in a significant reduction in taurine uptake relative to that observed under isotonic conditions when the osmolarity was reduced by $15% (340-290 mOsM; Fig. 5a ). In the second experimental paradigm, buffers were rendered either hypertonic or hypotonic by increases or decreases, respectively, in NaCl concentration (because Na + and Cl ) are the primary osmolytes found in plasma and reductions in plasma osmolarity observed under pathological conditions, such as hyponatremia, principally reflect changes in the concentrations of these ions). Under these conditions, the basal uptake of taurine was reduced below that observed under isotonic conditions when the osmolarity was lowered to 260 mOsM, whereas in the presence of Oxo-M, taurine uptake was significantly attenuated following a reduction in osmolarity of 15% (290 mOsM: Fig. 5b ). Under both experimental paradigms, the ability of Oxo-M to inhibit taurine uptake was most pronounced at 230 mOsM (55-64% relative to basal uptake).
Oxo-M-mediated inhibition of taurine influx: effect of Ca 2+ depletion and inhibitors of protein kinase C activity
The ability of mAChRs to facilitate osmosensitive taurine efflux is dependent upon both the availability of Ca 2+ and protein kinase C (PKC) activity. For example, under conditions of a limited Ca 2+ availability, mAChR-stimulated taurine efflux is inhibited by 60-81%, whereas inhibition of PKC with chelerythrine resulted in a 73% reduction in efflux (Cheema et al. 2007) . mAChR-mediated inhibition of taurine influx was also dependent upon Ca 2+ availability. Thus, although removal of extracellular Ca 2+ had no effect on the basal influx of taurine under hypotonic (230 mOsM) conditions, it significantly attenuated ($50%) the ability of Oxo-M to inhibit taurine influx. Removal of intracellular Ca 2+ stores with 1 lM thapsigargin in the absence of extracellular Ca 2+ elicited a significant increase ($30%) in the basal uptake of taurine, but did not further reduce the ability of Oxo-M to inhibit taurine influx (Fig. 6 ). To evaluate a role for PKC in taurine uptake, cells were preincubated for 10 min with 2.5 lM BIM, a broad-spectrum inhibitor of PKC. BIM had no discernable effect on TauT activity under either isotonic or hypotonic conditions in the absence or presence of Oxo-M (Fig. 7a) . In contrast, preincubation of the cells with BIM resulted in a 49% reduction in Oxo-M-stimulated taurine efflux (Fig 7b) . To further evaluate the possible involvement of PKC in regulation of TauT activity, cells were pre-incubated with 2.5 lM concentrations of two additional PKC inhibitors, namely Gö 6983 and Ro-31-8220. Although neither of these inhibitors significantly attenuated either basal-or Oxo-Mstimulated taurine influx, both significantly reduced Oxo-Mstimulated (30-53%) taurine efflux ( Fig. 7c and d) . Acute activation of PKC, mediated by the acute addition of 100 nM phorbol 12-myristate 13-acetate, did not significantly alter taurine uptake (0.045 ± 0.002 nmol/mg. protein/min vs. 0.050 ± 0.004 nmol/mg. protein/min, n = 3).
DCPIB, an inhibitor of VSOAC, attenuates both basal-and Oxo-M-mediated reductions in taurine uptake Although several pharmacological agents have been found to block the swelling-activated efflux of Cl ) and organic by an increase or decrease in NaCl concentration, respectively. Results are expressed as taurine uptake (nmol/mg protein/min) and are the mean ± SEM of three to four independent experiments; *p < 0.05, different from basal release monitored under isotonic conditions (340 mOsM) conditions (by repeated measures ANOVA followed by Dunnett's multiple comparison test); **p < 0.05, different from Oxo-M treatment under isotonic (340 mOsM) conditions (by repeated measures ANOVA followed by Dunnett's multiple comparison test). In both (a and b), Oxo-M significantly inhibited taurine uptake at all osmolarities when compared with uptake under basal conditions (p < 0.01, by paired Student's t-test).
osmolytes from both neural and non-neural cells, the most selective inhibitor identified to date is DCPIB, a derivative of ethacrynic acid (Decher et al. 2001; Best et al. 2004) . To determine whether volume-dependent osmolyte efflux and uptake are coupled or independent events, the ability of DCPIB to prevent the inhibition of taurine uptake observed under conditions of hypotonicity and following mAChR activation was evaluated. As previously reported (Heacock et al. 2006; Cheema et al. 2007) , pre-incubation of SH-SY5Y cells with 10 lM DCPIB completely prevented increases in taurine efflux observed under conditions of hypotonicity alone or following mAChR activation (Fig. 8a) . Under hypoosmotic conditions, the effects of DCPIB on basal-and Oxo-M-stimulated taurine efflux were dosedependent with a 3 lM concentration of the inhibitor attenuating $50% of the responses (Fig. 8a) . The inhibition of TauT activity observed under basal conditions was also dose-dependently reversed by increases in DCPIB concentration (Fig. 8b) . In contrast, reversal of Oxo-M-mediated inhibition of TauT activity (i.e. the net reduction of uptake Fig. 7 The role of PKC in basal-and Oxo-M-mediated regulation of taurine influx and efflux. (a) SH-SY5Y cells were first pre-incubated with a 2.5 lM concentration of BIM in isotonic buffer for 10 min prior to monitoring taurine uptake under either isotonic (340 mOsM) or hypotonic (230 mOsM) conditions in the presence or absence of 100 lM Oxo-M. Reactions were terminated after 10 min and taurine uptake monitored. Results are expressed as taurine influx (nmol/mg protein/ min) and are the mean ± SEM of three independent experiments, each performed in triplicate. (b) Cells were treated as described in (a) with the exception that taurine efflux was monitored in cells that had been labeled overnight with [ because of agonist addition) was not observed until DCPIB concentrations had been increased to > 6 lM. Thus, under mAChR-regulated conditions, taurine influx is not attenuated by DCPIB until efflux is substantially inhibited. DCPIB had no effect on basal taurine uptake under isotonic conditions (0.040 ± 0.002 vs. 0.044 ± 0.001 nmol/mg protein/min in the absence or presence of 10 lM DCPIB, respectively, n = 5), a result that indicates the absence of any direct effect of DCPIB on the TauT itself. We then extended the studies with DCPIB to include measurement of K + fluxes (as monitored by 86 Rb + ) as we have recently reported that hypotonicity and mAChR activation can regulate both the influx and efflux of the cation in these cells . Although a reduction in osmolarity of $30% resulted in little or no change in either K + efflux or influx, inclusion of Oxo-M resulted in significant increases in both parameters. Inclusion of DCPIB inhibited the mAChR-mediated increases in both 86 Rb + efflux and influx by > 80% but had little or no effect on K + fluxes monitored under isotonic conditions ( Fig. 9a and b) . These results suggest that, in SH-SY5Y cells, volume-dependent osmolyte efflux mediated via VSOAC may result in a coordinated regulation of the uptake of both organic and inorganic osmolytes.
Discussion
Although the release of the quantitatively major osmolyte, taurine, can be enhanced from a variety of neural preparations in response to both hypoosmolarity and the activation of specific GPCRs, the possibility that the re-uptake of taurine is subject to similar regulation has received little attention. This issue is of potential physiological significance as the net loss of an osmolyte from a tissue will reflect not only changes in its efflux but also in its re-uptake. The major finding to emanate from this study is that, in SH-SY5Y neuroblastoma cells, the uptake of taurine is inhibited by both a reduction in osmolarity and in response to activation of those GPCRs (mAChR, S1P, and PAR) that have previously been demonstrated to facilitate volume-dependent osmolyte efflux. Thus, hypoosmolarity and activation of GPCRs serve not only to enhance the efflux of taurine from SH-SY5Y cells but also to limit its re-uptake, the net effect being a more pronounced loss of the osmolyte.
Under isotonic conditions, taurine uptake into SH-SY5Y cells is mediated via a high-affinity, Na + -dependent, saturable transport system with pharmacological characteristics shared by the two cloned TauT-1 and TauT-2 (Liu et al. 1992; Smith et al. 1992; Pow et al. 2002) . The K m for taurine uptake in SH-SY5Y cells (2.5 lM), is similar to that reported for TauT-2 (Liu et al. 1992; Pow et al. 2002) , an isoform of TauT that is widely distributed across different brain regions. In contrast, a lower affinity for uptake has been reported for the cloned TauT-1 transporter or for taurine uptake into astrocyte preparations (K m = 20-45 lM; Smith et al. 1992; Holopainen et al. 1987; Sanchez-Olea et al. 1991) . The calculated intracellular taurine concentration in SH-SY5Y cells (6-7 mM) is similar to that reported for whole brain (McIlwain and Bachelard 1971) , but lower than that observed for astrocytes (Beetsch and Olson 1993; Olson 1999) . To determine the effect of DCPIB, cells were preincubated for 10 min in isotonic buffer in the presence of DCPIB at the concentrations indicated prior to the assay. The buffers were then aspirated and replaced with fresh hypotonic buffer that also contained DCPIB at the concentrations used during the pre-incubation. (b) Cells were treated as described in (a) with the exception that [ 3 H]taurine uptake into unlabeled cells was monitored. For both efflux and uptake measurements, reactions were terminated after 10 min and results expressed as either taurine efflux (percent of total radioactivity initially present in the cells released/min) or, alternatively as taurine influx (nmol/mg protein/min) and are the mean ± SEM of three to four independent experiments, each performed in triplicate; # p < 0.05, different from Hypo basal (by repeated measures ANOVA followed by Dunnett's multiple comparison test). At all concentrations of DCPIB, with the exception of 10 lM, Oxo-M addition significantly increased taurine efflux or attenuated taurine uptake when compared with basal conditions (p < 0.05, by paired Student's t-test).
Exposure of SH-SY5Y cells to hypotonicity resulted in a sustained inhibition of taurine uptake that was attributable to a reduction in the V max for transport whereas the K m value was unaffected. This reduction in taurine uptake, which could be observed under conditions in which the Na + concentration of the buffer was either lowered or maintained constant, was evident when the osmolarity was reduced by > 20%. Under the hypotonic conditions routinely employed ($30% reduction in osmolarity), > 99% of taurine uptake monitored at a 5 lM concentration was mediated via the high-affinity transport system. The diffusional component of taurine uptake in SH-SY5Y cells was minimal under isotonic conditions and little or no increase in this parameter occurred under hypoosmotic conditions (Fig. 4) . Our observation that hypotonicity reduces the V max for taurine uptake in SH-SY5Y cells without an effect on the K m is in agreement with the results of a recent study of primary hippocampal neurons in which taurine uptake was also attenuated (by 48%) in response to a 30% reduction in osmolarity (Olson and Martinho 2006a) . Although the mechanism underlying the reduction of TauT activity under basal hypoosmotic conditions remains to be determined, possibilities to be considered include the involvement of a tyrosine kinase (Olson and Martinho 2006b ) and internalization of the transporter (Han et al. 2006) .
Activation of GPCRs also resulted in an attenuation of taurine uptake in SH-SY5Y cells. Following activation of the mAChR, PAR-1, or S1P receptors, a small attenuation of taurine uptake was observed under isotonic conditions but the extent of receptor-mediated inhibition was enhanced when the cells were incubated in a hypoosmotic buffer (Fig. 3) . To the best of our knowledge, this is the first report of receptor-mediated, volume-dependent, regulation of the uptake of an organic osmolyte. Previously, we have demonstrated that the influx of K + is also under receptor control in these cells ). Attenuation of taurine uptake in SH-SY5Y cells under hypoosmotic conditions was examined in more detail for the mAChR. The addition of Oxo-M resulted in a concentration-dependent inhibition of taurine uptake with an EC 50 of 0.7 lM, whereas the comparable value for Oxo-M-stimulated taurine efflux is 2.3 lM (Heacock et al. 2004) . Receptor-mediated inhibition of taurine uptake under hypoosmotic conditions was sustained for at least 1 h of incubation and could be observed under conditions of relatively limited reductions in osmolarity (15%: Fig. 5 ). mAChR-mediated reductions in taurine uptake under hypoosmotic conditions were primarily because of a reduction in V max , with little or no effect on the K m (Fig. 4c) .
A common characteristic of those GPCRs that have been previously demonstrated to facilitate the efflux of osmolytes in SH-SY5Y cells is a dependence on both Ca 2+ availability and PKC activity. Similarly, the magnitude of the mAChRmediated reduction in taurine influx was also partially reversed (50-60%) following removal of extracellular Ca 2+ , although the dependence on Ca 2+ was less marked than that previously observed for stimulated taurine efflux (Cheema et al. 2007 ). However, mAChR-mediated changes in taurine efflux and influx appeared to differ significantly in their dependence upon PKC activity. Thus, whereas inclusion of Rb + were washed twice with isotonic buffer and then incubated in isotonic (Iso) or hypotonic (230 mOsM: Hypo) buffer in either the absence or presence of 100 lM Oxo-M. To determine the effect of DCPIB (shaded bars), cells were pre-incubated for 10 min in isotonic buffer in the presence of 10 lM DCPIB prior to the assay. The media were then aspirated and replaced with hypotonic buffer that also contained 10 lM DCPIB. (b) Cells were treated as described in (a BIM, Gö 6983 or Ro-31-8220, three broad-spectrum inhibitors of PKC, had no effect on either basal-or receptor-mediated changes in taurine influx, all three inhibitors significantly attenuated mAChR-stimulated taurine efflux ($30-53%: Fig. 7) . Two interpretations of these results are possible. The first is that mAChR activation independently regulates taurine influx and efflux and that these processes are differentially sensitive to PKC inhibition. Alternatively, mAChR-mediated changes in VSOAC activity may be a prerequisite for the regulation of taurine influx and a relatively small increase in osmolyte efflux is sufficient for maximal attenuation of TauT activity. This possibility is further discussed below in the context of the results obtained with DCPIB.
Changes in the magnitude of taurine influx and efflux that occur under basal-and mAChR-stimulated conditions are not strictly proportional. For example, TauT activity is inhibited to a similar extent following either a 30% reduction in osmolarity or activation of mAChRs under hypoosmotic conditions. In contrast, much larger increases in taurine efflux are elicited in response to the addition of Oxo-M than to a reduction in osmolarity (see Fig. 8 ). However, evidence to suggest that basal-and receptor-mediated changes in the influx and efflux of taurine are linked, rather than independent, events was obtained from experiments with DCPIB, a selective inhibitor of VSOAC. Inclusion of a maximally effective concentration of DCPIB (10 lM) resulted not only in a > 70-90% inhibition of basal-and mAChR-mediated increases in taurine efflux, as would be predicted, but the inhibitor also prevented the attenuation of taurine influx under these conditions. As DCPIB has no direct effect on TauT activity, the most parsimonious interpretation of these results is that the activation of VSOAC and regulation of TauT activity are mechanistically inter-related events. Reversal of changes in basal taurine efflux and influx by DCPIB demonstrated a similar dosedependence. In contrast, mAChR-mediated increases in taurine efflux were more sensitive to lower concentrations of DCPIB than was the attenuation of taurine influx (Fig. 8) . This result suggests that for maximal attenuation of taurine influx to occur, only relatively limited increases in VSOAC activity are required and that more substantial increases in the rate of efflux do not result in further reductions of taurine influx. This observation may be relevant when considering the lack of PKC regulation of mAChR-attenuated taurine influx, as none of the inhibitors employed blocked efflux by > 53%. Further evidence to suggest that VSOAC activity may be linked to osmolyte influx was obtained from experiments in which DCPIB also prevented mAChRmediated changes in the efflux and influx of K + (Fig. 9) . Although a mechanistic link has yet to be established, the results raise the possibility that the activation of VSOAC is a prerequisite for regulatory changes in the release and uptake of both organic and inorganic osmolytes.
Under conditions of chronic hyponatremia the brain selectively retains inorganic osmolytes whereas organic osmolytes are lost (Pasantes-Morales et al. 2002; Massieu et al. 2004) . Hypoosmolarity has been demonstrated to result in an increase in a Ca 2+ -dependent exocytotic release of neurotransmitters from nerve-ending preparations (Tuz et al. 2004; Tuz and Pasantes-Morales 2005) . These neurotransmitters may then regulate the activities of GPCRs, present on neighboring cells, that are linked to volume regulation. Our current and previous studies in which we demonstrate that activation of GPCRs can regulate not only the efflux but also the influx of both organic and inorganic osmolytes may provide, in part at least, an explanation for the differential retention in vivo of organic and inorganic osmolytes observed during hyponatremia. There is an increasing body of evidence to suggest that GPCRs can regulate the efflux of osmolytes from a variety of tissues Franco et al. 2008; Vazquez-Juarez et al. 2008) . The observation that GPCRs can also regulate the re-uptake of osmolytes further emphasizes the potential importance of this class of receptors in osmoregulation.
